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Abstract 
Holt, Jerred C. Ph.D., Human Factors and Industrial/Organizational Program, 
Department of Psychology, Wright State University, 2016. Evaluation of Real-Time 
Adaptive Display Systems in a Pilot Training Environment  
 
The United States Air Force (USAF) has traditionally utilized a frequency-based 
approach that relies on after-action review for feedback to train their pilots. The goal of 
this study is to evaluate the effectiveness of adding real-time adaptive supplemental 
feedback to this approach. A synthetic task environment was developed to emulate the 
current USAF training platform, the T-38C. Supplemental heads up display (HUD) 
displays were developed that captured various degrees of expertise at the flight task, 
thereby serving as a both training and performance aids. Varied presentation schedules for 
these supplemental displays and triggers for their dynamic behavior were compared and 
evaluated based on performance, knowledge and workload improvements as well as 
ocular search patterns that reflect expert performance.  
All groups showed significant improvement in flight control error, workload and 
knowledge between the first and the second benchmark blocks (performed with just 
standard HUD). There were no significant differences in performance between training 
conditions performed with different supplemental HUD displays in the first and second 
benchmark blocks. However, different supplemental HUD displays produced 
significantly different performance for workload and flight control error during the 
training blocks. Overall workload, frustration and perceived performance also showed 
significant improvements during training for supplemental HUD displays that reflected 
higher levels of expertise. Results lend further support to the efficacy of simulation based 
training and the ability for real-time feedback to improve perceptions of training.  Future 
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research will focus on increasing training time and delay between training as well as 
more concise feedback displays.  
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Real-Time Adaptive Feedback Display Systems in a Pilot Training Environment 
Introduction 
We are in a unique point in history where our capabilities in computer-based 
simulation and research expertise are well aligned. We are able to create rich virtual 
environments with high fidelity in both context (resolution, model complexity, etc.) and 
concept (physics, flight models, etc.). This provides the opportunity for development of 
more capable training systems with higher fidelity than possible in recent years past.  
The United States Air Force (USAF) currently uses frequency-based training for a 
large portion of its instructional design. Systems that use frequency-based training focus 
on the amount of time spent training and the number of exercises completed rather than 
actual task competency. This is evidenced by the Ready Aircrew Program (RAP) updated 
as of 2011, which primarily outlines the hours and frequency of training in order be 
considered fit for duty (AFI-11-102). While the USAF is heavily vested in research and 
training systems that operate on an individualized basis, the current “one size fits all”, 
frequency-based approach may neglect potential training gaps or conversely, over-train 
proficient airmen. This can result in fiscal waste on insufficient training for some on 
critical knowledge or skills, and improper investment in the procurement or development 
of training tools and technology. 
A number of empirically based training systems have been and continue to be 
developed to augment the future of pilot instruction (Schreiber, Stock & Bennett, 2006). 
These include systems such as simulations, personalized training, and automated after 
action review (AAR). Competency based training evaluations are beginning to yield 
positive results with the development of paradigms such as the Mission Essential 
2 
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Competencies (Colegrove & Bennett, 2006; Bennett, Schreiber & Andrews, 2002). These 
training guidelines focus on expert defined competencies and the supporting knowledge 
and skills required to execute the essential tasks that a mission requires (Alliger et al 
2007; Alliger et al 2013). These are derived through workshops rather than based on 
standard training and decay frequencies.  
Fueling this shift in focus, in part, is the recent ability to develop high fidelity 
simulations with advanced distributed capabilities fusing live, virtual and constructive 
entities into single operations. Through programs such as Distributed Mission Operations 
(DMO), the Air Force can evaluate competency development in a high fidelity virtual 
environment for a fraction of the cost and safety considerations of live flight (Schreiber, 
Stock & Bennett, 2006). Another example of competency based training systems are 
Learning Management Systems (LMS). LMS approaches track an individual’s 
performance as they progress through training and provide instructors advice on future 
training based on skill deficiencies on tasks and concepts (Szabo, 2002). These types of 
training help to cut down on redundant instruction and ensures that gaps in knowledge 
and performance are pinpointed on an individual basis that adapts to the needs of the user. 
The current proficiency assessment for an undergraduate pilot in the USAF 
includes standard classroom training, practice flights, and finally a series of check rides. 
During a check ride the trainee pilot flies, in simulations and the actual aircraft, with an 
instructor through a number of maneuvers; detailed performance feedback is held until 
pilots return to the ground and varies in terms of content and granularity based on the 
instructor. This can lead to inconsistent feedback that is deeply separated from the period 
3 
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when the pilot executes a number of varied maneuvers. Additionally, the temporal 
distance between execution and instructor feedback increases the difficulty for the trainee 
to mentally associate the feedback with performance and retain information (Kulik & 
Kulik, 1988; Phye & Andre, 1989).   
Our goal with this study is to close the gap between maneuver execution and 
instructor feedback with a real-time, adaptive cockpit feedback system. This study aims 
to evaluate the effectiveness of a number of supplemental feedback displays, strategies 
and schedules. Supplemental real-time feedback containing complex, corrective 
information in a personalized manner is a relatively unexplored domain (Johnson & 
Johnson, 1993; Sitzmann, 2011; Kaber, Riley & Endsley, 2001). This research is aimed at 
evaluating a broad scope of feedback options to begin mapping out the shape of ideal 
real-time performance feedback presentation. 
Structured Interview 
Prior to developing the displays, structured interviews with Undergraduate Pilot 
Training (UPT) Instructor SMEs were conducted; these interviews produced a final set of 
thresholds, behaviors, and desired training outcomes. The immediate goal of a training 
scenario is generally to reach an end state using the maneuvers previously learned while 
maintaining a number of scenario specific thresholds for air speed, altitude, heading, etc. 
It became clear from repeated interviews that the desired outcome from these UPT 
training exercises is to reinforce a consistent instrument crosscheck and to maintain a safe 
maneuver with consistent control. A cross check is the process of continually monitoring 
each individual flight parameter (altitude, air speed, bank angle, heading and pitch angle) 
and corresponding HUD element during a maneuver. Thus, a major goal of the proposed 
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training system is to develop the capability for trainees to conduct a constant cross check 
of heads up display (HUD) elements.  
 The displays designed for this study are aimed at improving the effectiveness of 
the current training systems, this will be accomplished by addressing the key training 
goals identified by the SMEs. These include supporting crosscheck, minimalizing 
interference, enforcing performance thresholds and supporting individual levels of 
expertise. Based on SME interviews and independent research on flight training, 3 basic 
levels of expertise were identified. These levels were used to drive development of the 3 
supplemental HUD displays. At an expert level it is assumed that users are executing a 
proper cross check and only require additional feedback to tweak performance in 
ambiguous situations. At the second level of performance/expertise, we expect to see 
trainees with an understanding of how to control the aircraft but lack the muscle memory 
and situational awareness to fly an optimal path. The third and most novice trainee lacks 
basic knowledge about the input and its impact on the aircraft as well as basic flight 
dynamics from a functional standpoint (may have declarative knowledge related to flight 
dynamics). In the following section we describe these alternative displays in greater 
detail. 
Supplemental HUD Displays 
All training interventions need to be designed to supplement the standard aircraft 
HUD. Supplemental displays to augment this standard were developed. They were 
designed to be concise and unambiguous to avoid frustration and increased workload. 
Further, simple perceptual analogical objects were used with little nested information to 
minimize perceptual and cognitive load related to the interpretation of lower level 
5 
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relationships (Bennett & Flach 1992, 2011). These displays were designed based on the 
mental demands at different levels of performance and expertise as well as the 
informational requirements provided by SMEs. When possible, design choices were 
made that would utilize a pilot’s current knowledge base, decreasing time to learn the 
new displays if integrated into an operation environment. All levels rely on analog 
displays and the information presented represents deviations from the optimal deflection 
of stick and throttle based on autopilot inputs. Each display will now be described. 
Level 1 
The Level 1 supplemental display consists of 3 separable analog elements that 
provide an indication of current error level in reference to optimal (see Figure 1). These 
status displays are located in the lower left portion of the HUD, out of the foveal view 
and intended for use only when the instructed cross check is not sufficient.  Each analog 
element displays both instantaneous and average deviation from optimal control view 
with sliding chevrons on the sides of the bar. The center of the bar represents the optimal 
position with deviations forcing the chevrons away from the center.  The bars are aligned 
analogous to the control inputs themselves with throttle and pitch elements vertical and 
the roll element horizontal. Further, pitch and roll are visually coupled to reinforce the 
real world coupling of the control systems while still retaining the separable nature of the 
displays.  
6 
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Figure 1. Level 1 Display. 
 
Level 2 
The Level 2 supplemental display utilizes a display similar to a “tunnel in the 
sky” display found in many flight directors (see Figure 2). However, this system provides 
only 2 waypoints via boxes projected in front of the aircraft, one to indicate immediate 
positional deviation from optimal and a further one to indicate the future goal. The goal 
with the limited information is to provide as little distraction possible while still 
increasing situational awareness of system state. Box orientation represents roll deviation 
while lateral position indicates the lateral deviation from the flight path. Distance 
between boxes provides a source for inferred ideal air speed. Participants should attempt 
to have the flight vector HUD element aligned with the most proximal box at all times. 
7 
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Chevrons on the left of the box indicate the recommended throttle position and indicate 
severity by number of chevrons present. This location was chosen as it provides the user 
with a reference of the box’s orientation relative the ground, it’s analog to the HUD 
element position and to avoid an up/down indication by placing it closer to the foveal 
view. Participants still need to understand how to control the aircraft well enough to 
achieve this spatial goal.   
 
Figure 2. Level 2 Display. 
 
Level 3 
The Level 3 supplemental display provides a direct representation of the optimal stick 
deflection. This display consists of a single element, a black line, similar to the attitude 
display that moves analogous to the optimal stick deflection (see Figure 3). In order to 
match the optimal flight path, the participant needs to match the position of the aircraft’s 
attitude display to that of the level 3 element. This display provides the most integral and 
8 
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simplistic display element, requiring the smallest amount of mental process to achieve 
higher performance. Like the level 2 display, chevrons on the left of the box indicate the 
recommended throttle position and indicate severity by number of chevrons present. 
Participants only need to line up their attitude marker with the black bar.  
  
Figure 3. Level 3 Display. 
 
Display Design 
There are a number of interfaces in everyday use that provide information about 
system states at different levels of detail. However, most rely on the user to decide on 
what level of display to use manually. This type of system relies on metaphors at a 
number of different levels to leverage the knowledge of the user and trusts them to make 
the correct contextual decision. However, this study will be focusing on Dynamically 
Adaptive Interfaces (DAIs) as defined by Bennett et al. (2001); “A DAI is an interface 
that changes the display or control characteristics of the system (perhaps both) in real 
9 
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time (p. 169).” Typically, these displays are meant to provide adaptive information based 
purely on context without the users’ input.  
Given the often complex calculations and required knowledge of the user’s state, 
DAIs tend to be much less common and are often present in simpler problem spaces. 
Examples of this can be seen in the autocomplete text functions on smart phones, 
adaptive map scaling based on vehicle speed on GPS displays or frequency and recency 
based menus used in cell phone contact lists. Simple DAIs have shown conflicting results 
in terms of performance and user experience (Kaber & Endsley 2004; Cumings, 2004; 
Piechulla, et al. 2003; Mitchell and Shneiderman 1989). In these cases, the adaptation 
was driven by similar data such as the the frequency of item usage. This contradictory 
evidence illustrates that dynamic displays can potentially be a double edged sword, 
increasing the opportunity to both improve and degrade performance. While potentially 
effective, these context sensitive systems operate in very constrained environments with 
limited capabilities. 
Particularly, in a training environment, the information presented, no matter how 
concise and intuitive, will likely be a separate display from the elements already in use by 
the trainee. This leads to a split of attention which, if improperly instantiated can lead to 
greater workload and an increased frequency of errors (Kaber, Riley & Endsley, 2001). In 
a complex domain such a flight training, a poorly designed DAI can not only create an 
increase in workload but can also hinder performance and prevent the development of 
task automaticity. Ultimately, the success or failure of a display (DAI or otherwise) will 
depend on the configuration of the display and how well the information is mapped to the 
display elements (Bennet et al., 2001). 
10 
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As mentioned previously, a primary goal of the proposed training task is to 
encourage development of a constant cross check of HUD instruments. To avoid 
interference with development of this process, displays were designed to be concise and 
unambiguous. Further, simple perceptual analogical objects were used with little nested 
information to minimize perceptual and cognitive load related to the interpretation of 
lower level relationships (Bennett & Flach, 2011). The custom displays used for this 
study utilize symbology similar to that found on the typical aircraft HUD. This should 
benefit those already familiar with the associated symbology, tapping into skill based 
behavior and requiring less spin-up time and less initial impact on workload (Rasmussen, 
1994; Bennett & Flach 2011). Bennett et al. (2001) demonstrated that, while effective, the 
DAIs used in a flight path guidance scenario similar to the current study, were similar in 
performance to other supplemental feedback methods. They cited a lack of realistic 
requirements typically present in this domain. The current research has vetted the 
simulation with SMEs to ensure that the proposed task has operationally relevant control 
requirements and environmental cues/constraints. 
Adaptive Training 
The basic tenants of feedback for effective learning are well researched. Feedback 
needs to be specific and unambiguous allowing the user to know exactly what factors 
lead to effective performance and likewise, errors (Hattie & Timerley 2007; Opitz, 
Ferdinand & Mecklinger, 2011). The implication for the design of a supplemental display 
is that the display should provide specific and unambiguous visual information as it 
relates to the task. Feedback also needs to be related to the performance goals of the 
current task (Hattie & Timerley 2007). Extraneous feedback and likewise extraneous 
11 
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display elements unrelated to individual goals can hinder learning. Finally, feedback 
should be immediate or as temporally proximal to the related task as possible (Mason & 
Bruning, 2001).  
In the training literature, while after action feedback is well researched, there is no 
clear agreement on best practices for real time feedback. The scaffolding approach 
assumes that individuals need the most corrective guidance at the onset of a training 
scenario and will require less as they become more proficient (Goodman & Wood, 2009; 
Puntambekar & Hübscher, 2005). This also implies that the needs of the trainee change as 
their skill increases (McKendree, 1990; Kester & Kirschner, 2009). This tends to be the 
commonly accepted paradigm for instructional design with more detailed instruction 
prior to training rather than allowing for unprefaced exploratory learning. However, there 
is also evidence to support that providing users with an exploratory phase and then 
increasing the amount of feedback over time will yield more effective training outcomes 
over time (Kornell et al., 2009). During this exploratory phase, trainees are developing a 
wider set of behaviors for greater transfer to unique tasks than in decreasing approach 
conditions (Goodman & Wood, 2009; Schmidt & Bjork, 1992).  
Adaptive training technologies have been demonstrated effective in a number of 
different applications. The most common type, intelligent tutoring systems (ITS) monitor 
performance and provide feedback and recommendations similar to that of a real 
instructor. These typically require very complete models of both the domain as well as the 
cognitive models of the student and instructor (Nwana, 1990; Freedman, 2000). 
Similarly, simulation based training often relies on purely after-action review (AAR) 
feedback (Schreiber, Schroeder & Bennett, 2011). Results suggest that, in AAR, the 
12 
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feedback approach doesn’t necessarily impact the level of proficiency reached but rather 
the speed at which is reached (Billings, 2010). Research that does actually provide real 
time supplemental feedback tends to look at using very simple notification style feedback 
or uses other modalities of feedback such as audio or tactile feedback (Billings, 2010, 
Sigrist et al., 2013). Detailed in-scenario supplemental feedback is often avoided due to 
the difficult technical and cognitive limitations that must be overcome in order to provide 
effective feedback without increasing workload (Sinh et al., 2010).   
Training Effectiveness 
For the purpose of this study, training effectiveness is defined by 3 outcomes. 
These were chosen based on the requirements laid out by the SMEs, validated training 
effectiveness taxonomy (Kirkpatrick, 1996) and domain standard metrics (Schreiber, 
Stock & Bennett, 2006). These outcomes are trainee performance, perceived workload, 
and knowledge.  
The primary performance metric is the “Top Gun Score” this is also the score that 
will be displayed to the user during after action review. Top Gun scores are often used in 
flight simulation exercises and are a summation of performance over the course of a 
training exercise into a single value (Schreiber, Stock & Bennett, 2006). This will take 
into account the error from the stick and throttle inputs. Individual performance metrics 
of each input will also be examined, as well as the time to complete each mission. This 
study will use the well validated NASA Task Load Index (NASA-TLX) (Hart, 2006) and 
Multiple Resource Questionnaire (MRQ) (Boles & Dillard, 2015) as measures of 
workload. Workload will allow us to see if, along with increased performance, workload 
is impacted by our feedback displays. A knowledge quiz was developed for use in this 
13 
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study that gauges a participant’s knowledge of flight mechanics and HUD elements. 
These questions aim at assessing flight competence specifically related to the control of 
the aircraft through explicit questions and implicit system state interpretations. 
Training Conditions  
Five different training conditions were devised which varied in the amount and 
type of assistance that was provided (see Table 1). In all training conditions all 
participants completed two Benchmark blocks (pre-training and post-training) using only 
the HUD display. Participants also completed three training blocks in all five training 
conditions. These training blocks began with participants using only the HUD. For all 
conditions (except for Control) the HUD was augmented with a supplemental display 
when errors crossed a threshold (and conversely, the supplemental display was removed 
when errors were minimized). The supplemental display(s) that appeared during a 
training block is specified in Table 1. For example, in the Decreasing condition the HUD 
was augmented by the Level 3 supplemental display in the first training block, by the 
Level 2 supplemental display in the second training block, and by the Level 1 
supplemental display in the third training block.  
 
Table 1 
Training Conditions 
Condition Block Displays  
Control Practice HUD 
 Benchmark 1 HUD 
 Training 1 HUD 
 Training 2 HUD 
 Training 3 HUD 
 Benchmark 2 HUD 
Static Practice HUD 
14 
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 Benchmark 1 HUD 
 Training 1 HUD / Level 2 
 Training 2 HUD / Level 2 
 Training 3 HUD / Level 2 
 Benchmark 2 HUD 
Decreasing Practice HUD 
 Benchmark 1 HUD 
 Training 1 HUD / Level 3 
 Training 2 HUD / Level 2 
 Training 3 HUD / Level 1 
 Benchmark 2 HUD 
Increasing Practice HUD 
 Benchmark 1 HUD 
 Training 1 HUD / Level 1 
 Training 2 HUD / Level 2 
 Training 3 HUD / Level 3 
 Benchmark 2 HUD 
Adaptive Practice HUD 
 Benchmark 1 HUD 
 Training 1 HUD / Levels 1, 2, or 3  
 Training 2 HUD / Levels 1, 2, or 3 
 Training 3 HUD / Levels 1, 2, or 3 
 Benchmark 2 HUD 
 
All three supplemental displays could appear in the Adaptive condition. 
Participants began a training block using the HUD display. Three error thresholds (low, 
medium, high) were chosen to specify the amount of error needed to transition between 
supplemental displays (Levels 1, 2, and 3 respectively). In order to avoid display 
oscillation overlap thresholds for errors were also created. This means that the 
performance requirement to exit a specific threshold is higher (less error) than the 
requirement to enter it. See Figure 4 for a notional representation of how this overlap 
functions. 
15 
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Figure 4. Performance display overlap chart. 
 
Current Study 
 The current study aims to compare the impact of multiple performance-driven 
supplemental feedback displays and presentation schedules in a cockpit environment. The 
goal is to identify the optimal presentation structure for novice pilots. An effective 
display format provides support for a constant crosscheck of individual aircraft 
parameters. The target audience for this study will be undergraduate pilots being trained 
to perform basic flight maneuvers, including changing altitude and heading while 
maintaining prescribed air speed, pitch angles, and bank angles. This is a single session 
study that is estimated to last around 3 hours. The study is broken down into 6 total 
blocks of trials with 9 trials each.   
Hypothesis 
Training literature fails to agree on a proper approach for introduction and 
removal schedules of supplemental feedback when dealing with real time information. 
Based on previous research and SME interviews we expect all groups to show significant 
improvement post training.  
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The Adaptive and decreasing condition are expected to yield the largest increase 
in performance. However, it is expected that all training conditions utilizing a DAI will 
yield greater training effectiveness as measured by performance increase, knowledge 
increase and workload decrease post training.  
Training blocks will differ significantly based on the condition/current level of 
provided feedback. It is expected that training effectiveness as measured by performance 
increase, workload decrease will be significantly different among levels at each training 
block. The following rank order represents the expected outcome in order of effectiveness 
with the top being the highest.  
• Adaptive 
• Level 3 
• Level 2 
• Level 1 
• No feedback 
Participants will develop a more even crosscheck throughout the course of the 
study, spending time looking at each display more evenly after training. The amount of 
this change in gaze time will be significantly different between conditions that receive 
DAI and those that do not. Further, Participants’ ocular behavior as defined by overall 
gaze time will more closely resemble expert performance after training 
 
Method 
Participants. A total of 163 began the study. A total of 140 participants (100 
males; 40 females) completed the study successfully (failure to complete was due to 
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equipment/software malfunction and the quality of eye tracking data). The participants’ 
ages ranged from 18 to 55 years (M= 26.5 years). All participants were required to have 
normal or corrected-to-normal vision and were prescreened to avoid previous formal or 
informal flight experience. Participants were recruited from the local Air Force Base and 
Universities and were compensated for their participation.  
Apparatus. This study utilized a desktop flight trainer (see Figure 5.) consisting 
of a single 24” Saumsung SyncMaster LED monitor with a resolution of 1920x1080. 
Simulations were driven by a Windows desktop PC, with a core I7 4770k CPU and AMD 
380x video card. Participants controlled the aircraft using a Thrustmaster “HOTAS 
Warthog” flight stick and throttle. They used a standard keyboard and mouse to input 
survey answers. All survey metrics were captured digitally using an open data collection 
platform called Lime Survey. Ocular data were captured using the EyeTribe eye tracking 
system which captures binocular data at 60hz with an accuracy of .5 degrees.  
 
Figure 5. Flight simulation setup. 
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Stimuli. A synthetic task environment (STE) was developed to emulate the HUD 
and the flight dynamics of a T-38C Talon, the current jet for the USAF undergraduate 
pilot training (UPT). All displays were developed in conjunction with SME pilots (who 
were also instructors). Only the HUD and an out-the-window view were provided (there 
was no heads down display). All HUD symbology (air speed, altitude, heading, pitch, 
“whiskey line” and flight vector) adhered to military standards, as illustrated in Figure 6. 
The Levels 1, 2, and 3 supplemental HUD displays were illustrated and described in the 
introduction section.  
 
 
Figure 6. Heads Up Display. 
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Procedure 
The major elements of the procedure and associated times for completion are 
illustrated in Figure 7. 
 
Figure 7. Study Timeline. 
 
 Welcome. During the welcome and intake portion participants read and signed the 
consent form and then were seated at a cubicle with the experimental apparatus. They 
then reviewed the study briefing and took the intake surveys and Knowledge quiz. 
Participants were randomly assigned to one of the 5 training conditions illustrated in 
Table 1. 
Tutorial 1 (Intro Video). The goal of this session was to familiarize participants 
Task Time Display Eye Tracking
Welcome/Intake 20 Web interface Consent Form Study Briefing Intake Survey Demographic
Knowledge 
Quiz
Tutorial 1 15 Video Intro Video
Practice 15 Flight Sim Practice Trials
Break 5
Benchmark 1 20 Flight Sim X
Eyetracker 
Calibration
Benchmark 1 
trials
TLX-1 MRQ-1
Tutorial 2 10 Video
Feedback 
video
Training Block 1 20 Flight Sim X Training Trials TLX-2 MRQ-2
Break 5
Training Block 2 20 Flight Sim X Training Trials TLX-3 MRQ-3
Training Block 3 20 Flight Sim X Training Trials TLX-4 MRQ-4
Break 5
Benchmark 2 20 Flight Sim X
Benchmark 1 
trials
TLX-5 MRQ-5
Knowledge 
Quiz
Debrief 5 Debrief Payment
Total 3:00
Actions
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with the simulation used during this study. Participants viewed a training video which 
covered the following topics: 1) how to control the aircraft using the stick and throttle, 2) 
flight characteristics of the aircraft (e.g., lift, drag, sideslip), and 3) individual elements of 
the HUD and how they were impacted by the controls and the environment. 
Practice. Participants then completed a series of training missions aimed at 
providing them with experience flying the aircraft and its reaction to control inputs. 
These training missions allowed participants to practice basic maneuvers (e.g., banking 
and pitching the plane) individually and combined (e.g., with simultaneous changes in 
heading and altitude). Participants received no performance feedback during practice 
trials. 
Benchmark 1. After a 5 minute break, participants completed eye tracking 
calibration (3-5 minutes). Participants then completed flying maneuvers in the 
Benchmark 1 session using only the HUD display. Participants were presented with the 
target parameters for altitude, bank angle and heading on a black screen at the beginning 
of a trial. After 8 seconds the trial began (the target parameters remained visible at the top 
of the screen throughout a trial). Each trial had a randomly generated start parameter (see 
Table 2) for altitude and heading (air speed was always 350 knots). There were three 
levels of maneuver difficulty (ranked from 1 to 3 with 3 being the most difficult) 
determined by the severity of all combined maneuvers. The range of parameters (see 
Table 2) that determined maneuver difficulty were defined by UPT instructor SMEs.  An 
algorithm was developed to generate trials with randomly assigned difficulty levels 
across blocks. There were three repetitions of the three levels of difficulty for a total of 
nine trials per block. Appendix B illustrates the flight parameters for individual trials. 
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Table 2. Flight Parameters. 
Parameter Starting Target Increments 
Heading 0°-350° 30°-90° left or right 10° 
Altitude 10k-15k 1k-5k up or down 1k 
Bank Angle 0 30°-60° left or right 5° 
 
The participant’s task was to execute maneuvers that changed the initial 
parameters into the target parameters while maintaining airspeed at 350 kts. A trial was 
ended when the participant came within 10 degrees of the target heading and 100 feet of 
the target altitude (and maintained this performance for 1000 ms). A trial also ended if the 
participant failed to achieve these goals within a time limit (calculated by doubling the 
optimal flight time achieved using the auto pilot). During benchmark trials, no feedback 
or supplemental displays are provided. Participants completed the first bank of surveys 
(TBAS, TLX, MRQ) after finishing all nine trials. 
Tutorial 2 (Feedback Video). During this session, participants viewed a brief 
video that overviewed the function of supplemental displays they would be seeing during 
the proceeding training trials. This training video differed based on condition with 
participants only receiving a tutorial on displays that would actually be present.     
Training Blocks 1, 2, and 3. Participants completed three training blocks with 
the same task, number of trials, type of trials, and all flight parameters that were 
described in the Benchmark 1 section. Participants used the HUD and the combination of 
supplemental displays that were assigned to their condition (see Table 1 and associated 
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discussion in the introduction). The supplemental displays quickly faded in and out (from 
100% opacity to 0%, or vice-versa) over a period of 100 ms to avoid attentional capture 
(Heijden, 1992; Pashler 1998; Yantis 1998).  
An after action review (AAR) screen was developed to provide individualized 
trial feedback during all training blocks (see Figure 8). The AAR was designed to mimic 
the basic experience that a trainee would receive immediately after a UPT check ride. A 
qualification score was provided with 3 possible options: “Qualified” (Q) for satisfactory 
performance, “Qualified Minus” (Q-) for satisfactory performance with some errors that 
need attention and “Unqualified” (U) for unsatisfactory performance. This score was 
presented in a text box at the top of the screen accompanied by color coding (green, 
yellow and red respectively). Below that, a “top gun” score was displayed. This score is 
an average performance metric derived by the aggregate deviation from optimal flight 
controls over time. Scoring is out of 100 with a higher score indicating better 
performance. The final AAR display element is a line graph with performance over time 
with higher values indicating better performance. This serves as a “problem area” view of 
their performance over time. Participants completed the accompanying workload surveys 
following each trial (Figure 8. AAR Screen).   
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Figure 8. AAR Screen. 
 
Benchmark 2. After another break, participants completed the second benchmark 
of nine trials and accompanying surveys. Participants did not receive any feedback or 
supplemental displays. Participants were then debriefed and compensated for their 
participation. 
This study uses a 2x5 repeated measures experimental design. The independent 
variables consisted of 5 levels of the feedback condition (adaptive, control, decreasing, 
increasing, and static) and benchmark which consists of 2 levels (pre-training and post-
training). The main dependent variables of interest were performance improvement (top 
gun score, time to complete), measures of workload (NASA-TLX and MRQ), behavioral 
ocular metrics (cross check presence and overall attentional allocation) and flight 
knowledge questionnaire performance.  
Results 
A 2 (Collection time, within subjects; Benchmark 1 to Benchmark 2) by 5 
(condition, between; adaptive, decreasing, increasing, static, control) repeated measures 
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ANOVA with LSD post-hoc analysis was run to compare benchmark performance on all 
outcome metrics. A separate set of One-Way ANOVAs with LSD post-hoc analysis were 
run on the outcome metrics for the individual training times.  Eye data analysis looked 
primarily at comparing average gaze times for benchmarks. 
Performance 
Performance as calculated using the formula for the Top Gun Score provides an 
easily comparable metric with little ambiguity and was used as the primary performance 
comparison. The formula used to calculate the overall score or “Top Gun” score for an 
individual trial is: 
 
𝑃𝑃 = ��
(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑋𝑋 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑌𝑌 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇ℎ𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)/3
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑃𝑃𝑇𝑇𝑟𝑟
� ∗ 100� − 100  
 
 This produces a positive performance score based on average stick/throttle deflection 
error in reference to the autopilot. The instantaneous error used to drive the supplemental 
feedback displays is:  
 
𝑃𝑃 = (𝑇𝑇𝑎𝑎𝑎𝑎(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑋𝑋 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑌𝑌 + 𝑇𝑇ℎ𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) ∗ 100) − 100 
 
Individual aggregate input errors were also compared to look for specific 
deficiencies that could be indicative of ineffective feedback. Prior to looking at 
improvements in performance, group differences were analyzed at benchmark 1 to ensure 
that there were no starting differences. There were no significant group differences in 
benchmark 1 performance (F(4, 134) = .67, p > .05).  
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In order to test the effectiveness of feedback interventions during training, 
performance and subjective workload were evaluated using repeated measures ANOVAs 
to compare benchmark 1 to benchmark 2 outcomes. There were significant improvements 
in primary performance metrics across all groups between benchmark 1 and 2, including 
overall performance as measured by the Top Gun Score (F(1, 135) = 349.05, p < .01) and 
time to complete delta from optimal (F(1, 135) = 166.93, p < 01). There was no 
significant main effect of condition between benchmarks. There was a ceiling effect 
present for the performance data. Please see Table 3 for the complete results and 
Appendix D for complete descriptive statistics.  
 
Table 3. Repeated measures ANOVA performance metrics Benchmark 1 – Benchmark 2. 
 
DF F p 
Within    
     Top Gun Score 1, 135 349.05 0.00* 
     Stick X Error 1, 135 124.03 0.00* 
     Stick Y Error 1, 135 0.24 0.63 
     Throttle Error 1, 135 85.88 0.00* 
     Time to complete  1, 135 166.93 0.00* 
Between    
     Top Gun Score 4, 135 0.70 0.59 
     Stick X Error 4, 135 0.71 0.59 
     Stick Y Error 4, 135 0.50 0.74 
     Throttle Error 4, 135 0.89 0.47 
     Time to complete 4, 135 0.79 0.54 
Interaction    
     Top Gun Score 4, 135 0.34 0.85 
     Stick X Error 4, 135 0.28 0.89 
     Stick Y Error 4, 135 0.45 0.77 
     Throttle Error 4, 135 0.89 0.47 
     Time to complete  4, 135 0.49 0.74 
Note. Results from repeated measures ANOVA on all performance metrics between 
benchmark blocks. 
 
*p < .05. 
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Given the nonlinear nature of the training conditions and associated feedback 
interventions, training intervals were not compared over time. They were however, 
compared within each time point to evaluate the immediate impacts on trainee 
performance. Significant differences among training conditions were present in all 3 
training times across all performance metrics. Please see Table 4 for the complete results. 
Feedback levels at each training time were compared using a one-way ANOVA. 
An LSD post hoc resulted in Levels 2 and 3 typically being distinct from 1 and control 
conditions. Please see Appendix E post hoc comparisons. Figure 9 shows the mean top 
gun scores at each time point for the different conditions. 
 
Table 4. Performance Metric differences among groups at training blocks. 
 
DF F Sig 
Top Gun Score    
Time 1 4, 134 13.22 0.00* 
Time 2 4, 134 17.56 0.00* 
Time 3 4, 134 12.40 0.00* 
Stick X    
Time 1 4, 134 6.75 0.00* 
Time 2 4, 134 8.47 0.00* 
Time 3 4, 134 9.19 0.00* 
Stick Y    
Time 1 4, 134 40.61 0.00* 
Time 2 4, 134 37.42 0.00* 
Time 3 4, 134 39.91 0.00* 
Throttle    
Time 1 4, 134 5.67 0.00* 
Time 2 4, 134 12.69 0.00* 
Time 3 4, 134 11.31 0.00* 
Time to Complete    
Time 1 4, 134 6.80 0.00* 
Time 2 4, 134 9.57 0.00* 
Time 3 4, 134 6.84 0.00* 
Note. Results from one way ANOVA on all performance metrics at each individual training block. 
 
*p < .05. 
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Figure 9. Comparison of Top Gun Performance means for all blocks. 
 
Knowledge 
The implicit and explicit portions of the knowledge quiz were highly correlated 
and as such were combined for a single composite score. Prior to looking at 
improvements in knowledge, group differences were analyzed before benchmark 1 to 
ensure that there were no starting differences. There were no significant group differences 
in pre-training knowledge (F(4, 135) = .20, p > .05). The repeated measures ANOVA 
revealed a significant increase in knowledge quiz scores from pre-training (F(1, 135) = 
284.29, p < 01); (M = 17.27, SD = 3.50) to post-training (M = 22.07, SD = 4.03). 
However, there was no main effect of condition (F(4 , 135) = .43, p > .05) and no 
significant interaction (F(4 , 135) = 1.47, p > .05).   
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Workload 
This study used the NASA-TLX short version which did not use the pairwise 
comparisons section of the original and calculated overall workload by averaging 
individual metrics. Prior to looking at improvements in workload, group differences were 
analyzed at benchmark 1 to ensure that there were no starting differences in TLX scores. 
There were no significant group differences in benchmark 1 workload (F(4, 135) = .71, p 
> .05). A modified version of the MRQ was used for the sake of time. Mental processes 
of the MRQ that do not have applicability within the bounds of a trial have been 
removed. These include auditory emotional, auditory linguistic, facial figural, facial 
motive and vocal processes. The overall MRQ score was calculated by averaging 
individual metrics. 
From benchmark 1 to benchmark 2 there was a significant decrease in NASA-
TLX scores (F(1,135) = 18.24 , p < .01) but not for overall MRQ scores (F(1, 135) 
= .046, p > .05).  There was a significant increase in mental demand (F(1, 135) = 8.70, p 
< .01), a significant increase in physical demand (F(1, 135) = 44.54, p < .01), a 
significant increase in perceived performance (F(1, 135) = 144.39, p < .01) and a 
significant decrease in frustration (F(1, 135) = 50.33, p < .01). The MRQ only showed a 
significant increase in manual process (F(1,135) = 4.46, p = < .05), a significant decrease 
in spatial attentive process (F(1,135) = 14.50, p = < .01) and a significant increase in 
spatial emergent (F(1,135) = 9.34, p = < .01). Please see Table 5 for the complete results 
and Appendix F for descriptive statistics.   
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Table 5. Workload Benchmark 1 to Benchmark 2 (Within Subjects). 
Variable DF F p 
NASA-TLX Total 1,135 18.24 0.00* 
    Mental Demand 1,135 8.70 0.00* 
    Physical Demand 1,135 44.54 0.00* 
    Temporal Demand 1,135 2.57 0.11 
    Performance 1,135 144.39 0.00* 
    Effort 1,135 1.07 0.30 
    Frustration 1,135 50.33 0.00* 
MRQ Total 1,135 0.46 0.50 
    Manual  1,135 4.46 0.04* 
    Short Term Memory 1,135 1.10 0.30 
    Spatial Attentive 1,135 14.50 0.00* 
    Spatial Categorical 1,135 1.47 0.23 
    Spatial Concentrative 1,135 2.59 0.11 
    Spatial Emergent 1,135 9.34 0.00* 
    Spatial Positional 1,135 1.54 0.22 
    Spatial Quantitative 1,135 0.11 0.75 
    Tactile Figural 1,135 2.55 0.11 
    Visual Lexical 1,135 0.19 0.66 
    Visual Phonetic 1,135 1.02 0.32 
    Visual Temporal 1,135 0.07 0.80 
Note. Results from repeated measures ANOVA on all workload metrics (overall and 
individual) between benchmark blocks. 
 
*p < .05. 
 
There was no significant difference found among conditions on either the NASA-
TLX (F(4, 135) = .89, p > .05) or the MRQ F(4, 135) = .28, p > .05). Similarly, there 
were no significant differences found for individual workload metrics. Please see Table 6 
and Table 7 for complete results.  
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Table 6. Workload Benchmark 1 to Benchmark 2 (Between Subjects). 
Variable DF F p 
NASA-TLX Total 4,135 0.89 0.48 
    Mental Demand 4,135 0.52 0.72 
    Physical Demand 4,135 0.58 0.68 
    Temporal Demand 4,135 0.77 0.55 
    Performance 4,135 0.67 0.61 
    Effort 4,135 0.24 0.92 
    Frustration 4,135 1.57 0.19 
MRQ Total 4,135 0.28 0.89 
    MRQ_1 4,135 0.34 0.85 
    MRQ_2 4,135 0.22 0.93 
    MRQ_3 4,135 0.99 0.42 
    MRQ_4 4,135 0.22 0.93 
    MRQ_5 4,135 0.11 0.98 
    MRQ_6 4,135 0.96 0.43 
    MRQ_7 4,135 0.42 0.79 
    MRQ_8 4,135 0.66 0.62 
    MRQ_9 4,135 1.10 0.36 
    MRQ_10 4,135 0.32 0.86 
    MRQ_11 4,135 1.38 0.25 
    MRQ_12 4,135 0.61 0.65 
Note. Results from repeated measures ANOVA on all workload metrics (overall and 
individual) among conditions. 
 
*p < .05. 
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Table 7. Benchmark by Condition Interaction. 
Variable DF F p 
NASA-TLX Total 4, 135 1.187 0.32 
    Mental Demand 4, 135 1.08 0.37 
    Physical Demand 4, 135 2.85 0.30 
    Temporal Demand 4, 135 0.68 0.61 
    Performance 4, 135 1.21 0.31 
    Effort 4, 135 1.96 0.11 
    Frustration 4, 135 1.16 0.33 
MRQ Total 4, 135 0.41 0.80 
    MRQ_1 4, 135 0.03 1.00 
    MRQ_2 4, 135 0.52 0.72 
    MRQ_3 4, 135 0.52 0.72 
    MRQ_4 4, 135 1.66 0.16 
    MRQ_5 4, 135 1.40 0.24 
    MRQ_6 4, 135 0.20 0.94 
    MRQ_7 4, 135 0.92 0.46 
    MRQ_8 4, 135 1.02 0.40 
    MRQ_9 4, 135 1.04 0.39 
    MRQ_10 4, 135 0.73 0.57 
    MRQ_11 4, 135 0.14 0.97 
    MRQ_12 4, 135 0.41 0.80 
Note. Results from repeated measures ANOVA on all workload metrics (overall and 
individual) interaction between benchmark and condition. 
 
*p < .05. 
Different feedback levels yielded significantly different overall workload scores at 
training block 1 (F(4, 135) = 3.06, p < .05), training block 2 (F(4, 135) = 27.11, p < .05) 
and training block 3 (F(4, 135) = 2.44, p < .05). Figure 10 shows the mean TLX 
workload scores at each time point for the different conditions. There was also a 
significant difference among groups for mental demand at training 1, and perceived 
performance and frustration at all training times (Table 8). There were no significant 
differences found for overall MRQ or individual MRQ metrics ( 
Table 9). Please see Appendix G for complete LSD post hoc analysis of workload metrics 
during training blocks. 
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Table 8. Individual Workload Metrics Training One Way ANOVA. 
 
DF F Sig 
Mental Demand    
Time 1 4, 135 2.53 0.04* 
Time 2 4, 135 1.36 0.31 
Time 3 4, 135 1.10 0.36 
Physical Demand    
Time 1 4, 135 0.42 0.79 
Time 2 4, 135 0.24 0.91 
Time 3 4, 135 0.42 0.79 
Temporal Demand    
Time 1 4, 135 1.21 0.31 
Time 2 4, 135 1.84 0.13 
Time 3 4, 135 0.44 0.78 
Performance    
Time 1 4, 135 4.52 0.00* 
Time 2 4, 135 4.99 0.00* 
Time 3 4, 135 2.76 0.03* 
Effort    
Time 1 4, 135 2.32 0.06 
Time 2 4, 135 0.65 0.63 
Time 3 4, 135 2.06 0.09 
Frustration    
Time 1 4, 135 2.75 0.03* 
Time 2 4, 135 3.11 0.02* 
Time 3 4, 135 3.24 0.01* 
Note. Results from one way ANOVA on individual NASA-TLX metrics after each 
individual training blocks. 
 
*p < .05. 
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Table 9. Overall and individual MRQ metrics. 
 
DF F Sig 
Overall    
Time 1 4,135 0.46 0.76 
Time 2 4,135 0.13 0.97 
Time 3 4,135 0.04 1.00 
MRQ1    
Time 1 4,135 1.54 0.19 
Time 2 4,135 0.39 0.82 
Time 3 4,135 0.61 0.66 
MRQ2    
Time 1 4,135 2.10 0.08 
Time 2 4,135 0.67 0.62 
Time 3 4,135 0.55 0.70 
MRQ3    
Time 1 4,135 0.32 0.86 
Time 2 4,135 0.16 0.96 
Time 3 4,135 0.07 0.99 
MRQ4    
Time 1 4,135 0.60 0.67 
Figure 10. NASA-TLX block means. 
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Time 2 4,135 0.45 0.78 
Time 3 4,135 0.10 0.98 
MRQ5    
Time 1 4,135 1.59 0.18 
Time 2 4,135 0.24 0.92 
Time 3 4,135 0.47 0.76 
MRQ6    
Time 1 4,135 0.93 0.45 
Time 2 4,135 0.55 0.70 
Time 3 4,135 0.30 0.88 
MRQ7    
Time 1 4,135 0.71 0.58 
Time 2 4,135 0.69 0.60 
Time 3 4,135 0.39 0.82 
MRQ8    
Time 1 4,135 1.75 0.14 
Time 2 4,135 0.38 0.82 
Time 3 4,135 0.63 0.65 
MRQ9    
Time 1 4,135 1.06 0.78 
Time 2 4,135 0.59 0.67 
Time 3 4,135 0.88 0.48 
MRQ10    
Time 1 4,135 0.65 0.66 
Time 2 4,135 0.16 0.96 
Time 3 4,135 0.41 0.80 
MRQ11    
Time 1 4,135 1.18 0.32 
Time 2 4,135 0.66 0.62 
Time 3 4,135 0.62 0.65 
MRQ12    
Time 1 4,135 1.04 0.39 
Time 2 4,135 1.42 0.23 
Time 3 4,135 0.28 0.89 
Note. Results from one way ANOVA on individual MRQ metrics after each individual 
training blocks 
 
*p < .05. 
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Eye Tracking Analysis 
Due to the quality and percentage of data loss it was not possible to run 
parametric tests on the eye tracking outcomes reliably. However, gaze dwell heat maps 
and area based attention percentages were generated and compared. See Figure 11 for an 
example of a gaze heat map overlaid onto the simulation. 
 
Figure 11. Overall average eye tracking heat map, overlaid onto the simulation display. 
 
Some noteworthy changes occur between benchmarks for the overall heat maps. 
Participants tend to focus on the left portion of the roll indicator much more in 
benchmark 1 but on the right portion in benchmark 2. Further, they spend less time 
focusing on the beginning of the instructions sentence which reads “Mission XX – Using 
a bank angle of…” and focusing more on the specific values that specify flight 
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parameters. Air speed, primarily related to throttle showed an overall increase in 
attention. Please see Figure 12 for the comparison of overall gaze heat maps and 
Appendix H for individual condition heat maps.  
 
 
Figure 12. Overall aggregate heat maps for Benchmark 1 and Benchmark 2. 
 
Zones were created to compare gaze times related to specific areas of the screen. 
These roughly correlate with individual HUD elements. However, there are some 
confounds with this approach that are unavoidable. The largest issue involves the overlap 
of elements. The pitch ladder overlaps with areas of the Heading, Attitude Display, Flight 
Vector marker, and Roll indicator. This is a problem that cannot be solved without 
changing the HUD or potentially coding gaze points based on assumed goals at the time. 
Additionally, without using moving zones time synced with the simulation data (i.e. 
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where HUD elements are) the moving elements such as the roll indicator or flight vector 
marker, it is difficult to say definitively that they were focused on that element. As such 
the flight vector and pitch ladder were omitted from this comparison. Also, while it is 
possible to track the entire range of the roll display, the roll indicator can travel 
throughout the container shown below, it is assumed if they are looking at the container 
they are looking at the indicator but this will likely have an error coefficient.   
 
 
Figure 13. Representation of zones used for eye data comparison. 
 
 As can be seen in Figure 16 crosscheck improved overall with mean gaze times 
for each instrument aggregating to become more similar over time. Groups receiving 
DAIs yielded similar trends in mean change between benchmarks. However, as can be 
seen in Figure 15 the control group shows a markedly different trend in mean gaze time 
change. This could be due to an inherent group difference in initial gaze points or a lack 
38 
Distribution A: Approved for public release, distribution is unlimited. 88ABW-2016-4744 September 27, 2016 
 
 
of appropriate scan patterns due to a lack of supplemental feedback. Please see Appendix 
I for a complete set of mean gaze times across conditions and regions.  
 
 
 
Figure 14. All participant percentage gaze change from Benchmark 1 to Benchmark 2. 
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Figure 15. Percentage Gaze change from Benchmark 1 to Benchmark 2 by condition. 
 
Participant gaze time was compared to SME gaze time for the same benchmark 
missions. In general, there is a clear difference between SME and overall participant 
performance in both benchmarks (Figure 16). The most prominent observable change 
post training is the decrease in gaze time in the roll area, more closely resembling SME 
behavior. For a comparison of gaze times per area based on condition, see Appendix J. 
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Figure 16. SME to Participant Gaze comparison. 
 
Discussion 
Summary 
It was expected that training effectiveness as measured by performance increase, 
knowledge increase and workload decrease will be greater post training across all groups. 
This hypothesis was supported as knowledge, workload and performance did 
significantly improve across all groups. The significant increase in mental demand and 
physical demand can be attributed to fatigue give the duration of the study. It is also 
worth noting that there was no significant change in performance along the Y-axis input. 
This axis controls the pitch of the aircraft. It is possible that this element of control is the 
most foreign and contained the most variation. Typically, novice participants have the 
most trouble adjusting to the way in which an aircraft turns (banking and then pulling up) 
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as it is the most dissimilar to steering in a car. The pitch angle can be used to compensate 
for over or under aggressive bank angles during a turn. This would lead to inconsistent 
pitch angle control and poorer scores.  
The second hypothesis predicted that training effectiveness as measured by 
performance increase, knowledge increase and workload decrease will be significantly 
different between groups receiving supplemental feedback and those that do not. This 
hypothesis was not supported as there was no significant difference among the different 
conditions when looking at benchmark 1 to benchmark 2 performance, workload or 
knowledge. The lack of performance differences can likely be attributed to the relatively 
short training time. Similarly, with such a short training period it should be expected that 
there is a lack of expertise or automaticity differences present despite an increase in 
performance. Further, without the opportunity to develop muscle memory and 
automaticity to the flying process, it is unlikely that significant differences in workload 
would emerge. The workload results closely mirror the performance metrics in terms of 
group differences, this aligns with previous literature in regards to workload and 
performance (Parasuraman & Rizzo, 2008; Erland et al, 1997). The lack of significant 
differences among groups in regards to knowledge demonstration is not entirely 
surprising given that the task primarily utilizes procedural knowledge while the test was 
designed to capture declarative knowledge.  
The third hypothesis predicted that outcome metrics (workload and performance) 
for training blocks will differ significantly based on the condition/current level of 
provided supplemental feedback. As expected, during training scenarios, group 
differences did appear. In general, the presence of more detailed feedback at levels 2 and 
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3 reduced overall workload, frustration and increased perceived performance. The control 
condition was consistently the lowest performing and produced the highest workload 
except in the 3rd training mission when the decreasing condition reached level 1. 
Adaptive, level 3 and level 2 all performed relatively similarly, mainly differing from the 
control condition. The relatively poor performance outcomes of the level 3 feedback 
display are not entirely surprising given basic display design principles. While the display 
itself is simple, it is accompanied by the lower level displays resulting in a cluttered 
screen with a number of salient display cues that could have been attentional pits for 
participants. Further, it is a relatively novel display type compared to the flight path 
display which participants may have previously experienced. This could have led 
participants to rely on the display modality they are most familiar with, relegating the 
level 3 deflection indicator to the role of visual clutter. Anecdotally, participants asked a 
number of questions during training scenarios regarding the function of the level 3 
display. To maintain consistency these questions were not answered, however it does 
point out a weakness in the pre-training tutorial on display use. 
It was expected that participants would develop a more even crosscheck 
throughout the course of the study, spending time looking at each display more evenly 
after training. It was also expected that participants gaze times would be closer to that of 
the SMEs after training. While there was no parametric analysis executed on the eye 
tracking data there are some clear take-away conclusions that can be drawn from the data 
trends. One interesting difference in trainee gaze from benchmark 1 to benchmark 2 was 
the change in focus for the instructions. Time spent looking at the entire question 
drastically decreased while the focus on values increased. This behavior indicates that 
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participants quit reading the entire sentence and began focusing on the key values related 
to the execution of the task.  This has implications for instructional design and 
supplemental feedback as a means to declutter the screen as proficiency increases. 
Parameter representations can potentially be condensed to allow for cleaner displays. 
While there were few distinct differences among conditions, the control group 
showed contrary changes in gaze time between benchmarks. While it is difficult to point 
to a specific cause it seems apparent that the change in visual areas of interest are 
different for participants that receive real-time supplemental feedback as opposed those 
that do not. Due to the high noise and low participant count, it was not possible to make 
an informed judgement comparing the individual conditions or the overall mean to the 
SME means.  
Limitations 
The ceiling effect present only in the performance data is likely due to a number 
of factors. It was discovered after-the-fact that the method for performance calculation 
has a natural range restriction due to the inherent calculation formulae. Error in regards to 
stick deflection relies on disagreement with the autopilot. This means that in order to 
score a 0 at any given time a participant would need to be “fighting” the autopilot in all 
directions (stick X, stick Y and throttle) as severely as possible. Further, when the current 
trajectory of the aircraft is correct, then it would only be possible to achieve a 50% error 
rate. See  Figure 17 for an example of this problem.  
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Figure 17. Joystick position and related error. 
 
The ceiling effect can be attributed to the task difficulty as well as error 
calculations. When a user understands the basic flight mechanics and the nature of the 
feedback, it immediately separates their performance from a novice as it becomes 
substantially easier to follow a basic path. However, the error calculation was not 
sensitive enough to identify subtle variations at higher performance levels. A possible 
solution to this is to train participants to a specific level of proficiency and adjust 
performance calculations to that expertise level in order to examine a tighter performance 
band. Ultimately, a single session is not sufficient to capture the phenomena of training 
that would typically take 3-4 months. A multi-session study could help alleviate this by 
allowing more training while still avoiding the fatigue of the long duration. 
 A series of limitations prevent more meaningful information from being 
produced using the eye tracking data. Primarily the fact that some of the displays move 
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(pitch ladder, roll indicator, flight vector) over time, this prevents them from truly being 
captured using finite areas of observation. Further, there is overlap among some displays 
preventing a true percentage of observation time. Additionally, the frequency of 
calibration could be improved as a part of the study protocol. Between blocks participants 
were free to take breaks, this resulted in participants standing up and then sitting back 
down without recalibration. As such, a portion of benchmark 2 data was lost to 
inaccuracy and non-capture. Finally, the elimination of participants with glasses would 
greatly improve the percentage of valid data. As the non-contact eye tracker must go 
through the glasses, the image of the eye was skewed and resulted in skewed eye tracking 
data.  
Future Research 
Given the lack of sensitivity in performance calculation method, future research will 
use a more focused algorithm for error calculation. Further, it will focus on improving the 
ad-hoc training to insure that participants understand the nuances of bank angles and 
turning. This combination will narrow the overall performance band and allow analysis 
with greater granularity. Training to proficiency and or a proficiency test both in flying 
and displays usage would also help to insure that all participants have a basic 
understanding of flight mechanics and of the supplemental feedback systems. While the 
current pre-training practice was exhaustive, it was purely didactic with no post-practice 
evaluation of knowledge.  
While the total study time pushed 3+ hours on average, the overall training time was 
about 30 minutes total. This is a key limitation in detecting performance increases. A 
single session training study of this length would benefit from briefer questionnaires and 
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longer/multiple training sessions. Given correlation of workload and performance 
metrics, it is possible to simplify collection procedures and shorten study time by using a 
single diagnostic metric when applicable. It was found that most related dependent 
variables, specifically workload, were highly correlated and as such, redundant. 
The driving variable(s) for the adaptation can vary greatly (workload, 
performance, position in the interface, combinations driven by algorithm) and are 
dependent on the use case as well as available data. While performance outcomes can 
provide effective adaptive feedback, psychophysiological outcomes such as heart rate can 
also be effective (Byrne & Parasuraman, 1996). Wilson, Lambert & Russel (2000) found 
that using physiological metrics to drive adaptive feedback can result in decreases in 
error as much as 44 percent. This study looked at an aggregate of input performance, 
future studies will examine potential physiological triggers of supplemental feedback. 
As mentioned previously this study was applied and had a number of constraints 
related to the display function. The biggest and perhaps most impactful was the use of 
overlapping displays. With multiple feedback displays on the screen simultaneously in 
conjunction with the HUD, the screen became cluttered. This impact is visible in the 
mean performance data in the performance scores for the various conditions during 
training. The static condition, a series of blocks with one consistent display, outperforms 
level 3 display. A consistent display mechanic should prevent additional workload or 
confusion. The basic tenants of display design, consistent display structure and avoidance 
of contradicting/redundant information, predicted the relatively poor performance of the 
level 3 and adaptive conditions (Bennett & Flach 2011; Vicente 1992; Rasmussen, 1994) 
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In future studies, displays should remain independent as they all have the same goal and 
are based on the same underlying data and flight mechanics. 
Conclusion 
While DAIs were proven effective the relatively poor performance of the higher 
levels of feedback lends further evidence for the prevention of clutter (Bennet & Flach, 
2011). If forced to use an overlapping display structure as in this study, there should also 
be an emphasis on consistent display elements and functionality. This is especially true 
when dealing with a just-in-time supplemental feedback system that will be present 
during periods of high workload and potentially error.   
This study lends further support to the efficacy of simulation based training and to 
the use of DAIs to improve immediate performance. While there were not significant 
group differences for post training effectiveness outcomes during the short training 
session for this study, it is possible that with longer training period differences would 
begin to surface. The efficacy of the displays to improve instantaneous training were 
similar to those of Bennett et al. (2001). Further, the decrease in frustration and increase 
in perceived performance shows that subjective experiences of training are improved 
with the DAIs used in this study. This improved perception can lead to lower participant 
attrition, higher engagement, and potentially greater knowledge retention (Parasuraman 
& Rizzo, 2008).  
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Appendix A – Demographic Questionnaire 
• What is your gender? 
• What is your age? 
• What is your ethnicity? 
• Generally are you left or right handed? 
• What is your highest level of education? 
• Are you currently a student? 
• What is your primary college major? 
• What is your current GPA (estimate if unsure)? 
• Are you currently a member of ROTC? 
• Are you currently serving or have you served in the military? 
• Do you have any formal or informal training on how to fly an aircraft, such as flying 
experience, flight training or flight simulations? 
• Do you currently have a Job? If so, what industry? 
• Do you currently play or have you played videogames in the past? 
• On average how many hours per week? 
• Which game platform do you use the most? 
• Please use the table below to select games /genres that you have played and estimate 
your skill level associated with that genre. 
o Shooter (e.g. Halo, Call of duty) 
o Action/Adventure (e.g. Uncharted, Prince of Persia) 
o Social Media Games (e.g. facebook games , Farmville) 
o Role-playing games (e.g. Zelda, Dungeons and Dragons) 
o Simulation (e.g. Xplane, Microsoft flight) 
o Massively Multiplayer Online (MMO) (e.g. World of Warcraft, Guild Wars) 
o Music Games (e.g. Guitar Hero, Rock Band) 
o Sports (e.g. Madden, NASCAR) 
o Puzzle (e.g. Candy Crush, Angry Birds) 
o Racing (e.g. Mario Kart, Need for Speed) 
o Serious Games (Educational) (e.g. newsgaming.com, gamesforchange.com) 
• Generally how would you rate yourself in terms of video/computer game skills? 
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Appendix B – Flight parameters 
 
Table 10. Trial Parameters. 
Trial  Scenario 
Number 
Difficulty 
Level 
Start- 
Altitude 
(ft) 
Start-   
Heading 
(°) 
Target- 
Altitude 
(ft) 
Target-      
Bank 
Angle 
(°) 
Target- 
Heading 
(°) 
Practice- Altitude   
      
 
 A1 
 
10000 0 11000 0 0  
 A2 
 
10000 0 9000 0 0  
 A3 
 
10000 0 13000 0 0  
 A4 
 
10000 0 7000 0 0 
Practice- Heading   
      
 
 H1 
 
10000 0 10000 30 30  
 H2 
 
10000 0 10000 30 330  
 H3 
 
10000 0 10000 30 90  
 H4 
 
10000 0 10000 30 270 
Practice-  Alt & Head   
      
 
 AH1 
 
10000 0 11000 30 30  
 AH2 
 
10000 0 9000 30 330  
 AH3 
 
10000 0 13000 30 90  
 AH4 
 
10000 0 7000 30 270 
Benchmark 1   
      
 
 1 1 10000 20 11500 35 335  
 2 1 11000 70 8000 45 25  
 3 2 14000 320 11000 60 30  
 4 3 13000 130 15000 60 40  
 5 1 12000 200 13000 55 150  
 6 3 14000 60 9000 60 340  
 7 3 10000 240 12500 55 330  
 8 2 11000 40 8500 45 345  
 9 2 14000 200 16000 60 145 
Training 1   
      
 
 10 3 13000 40 17000 55 320  
 11 1 13000 260 8000 30 330  
 12 2 13000 270 14000 60 180  
 13 2 14000 90 19000 55 140  
 14 1 10000 150 11000 50 205  
 15 3 11000 130 7000 60 40  
 16 1 15000 60 19000 35 110  
 17 2 12000 200 14500 50 275  
 18 3 12000 270 8000 45 185 
Training 2   
      
 
 19 2 10000 110 6000 55 35  
 20 1 10000 210 8000 35 290  
 21 3 15000 360 10000 55 85 
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 22 2 12000 30 7000 55 85  
 23 1 11000 270 7500 55 320  
 24 3 15000 110 20000 60 195  
 25 1 13000 200 11500 50 150  
 26 3 12000 220 16000 60 135  
 27 2 14000 290 9000 30 10  
  
      
 
  
      
Training 3   
      
 
 28 1 12000 110 15500 30 160  
 29 1 15000 110 12000 45 65  
 30 3 15000 50 20000 45 140  
 31 3 13000 180 8500 60 90  
 32 2 12000 40 7500 40 115  
 33 1 10000 10 8000 40 95  
 34 3 14000 350 18500 55 260  
 35 2 15000 230 17500 50 305  
 36 2 11000 330 7000 60 255 
Benchmark 2   
      
 
 37 2 11000 300 16000 50 15  
 38 1 13000 60 10500 55 120  
 39 3 13000 210 16500 55 125  
 40 3 11000 340 16000 60 35  
 41 1 13000 330 12000 40 30  
 42 3 10000 280 5000 50 360  
 43 2 12000 320 8500 35 235  
 44 2 14000 200 18500 50 280  
 45 1 14000 350 16500 35 285 
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Appendix C – Knowledge Quiz 
You will now take a short multiple-choice assessment. Most questions have four possible answers. Please 
select the answer you believe is correct. If you are unsure or do not know the answer to a question, make 
your best educated guess.  
Use the following image to answer the questions below: 
 
 
 
 
Controls 
1. Which input causes the aircraft to roll right? D 
2. Which input causes the aircraft to roll left? C 
3. Which input directly causes the aircraft to slow down? B 
a. Which input can cause the aircraft to indirectly slow down due to an increase in drag? F 
4. Which input directly causes the aircraft to speed up?  A 
a. Which input can cause the aircraft to indirectly speed up due to a decrease in drag? E 
5. Which input causes the aircraft to pitch up (assuming up-right attitude)? F 
6. Which input causes the aircraft to pitch down (assuming up-right attitude)? E 
7. Which two inputs are required to turn the aircraft to the left? ________ then _______ C & F 
8. Which two inputs are required to turn the aircraft right? ________ then _________  D & F 
 
9. When should you begin reducing the control stick input when making a change in course? 
a. Before you reach the appropriate course 
b. As soon as you reach the appropriate course 
c. Just after you reach the appropriate course 
10. When you pitch the aircraft up, the necessary throttle to maintain air speed should be ____ 
a. Increased 
b. Decreased 
11. When you pitch the plane down, the necessary throttle to maintain air speed should be ____ 
a. Increased 
b. Decreased 
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12. Based on the HUD image below, is the aircraft ascending, descending, or maintaining altitude?  
a. Ascending 
b. Descending 
c. Maintaining 
 
13. Based on the HUD image below, is the aircraft pitched up or down?  
a. Up 
b. Down 
 
14. Based on the HUD image below, is the aircraft ascending, descending or maintaining altitude?  
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a. Ascending 
b. Descending 
c. Maintaining 
15. Based on the HUD image below, is the aircraft pitched up or down?  
 
a. Up 
b. Down 
 
16. Based on the HUD image below, which direction is the aircraft turning?  
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a. Left 
b. Right 
17. Using the HUD image below, is the aircraft gaining, losing, or maintaining altitude in the turn?  
 
a. Gaining 
b. Losing 
c. Maintaining 
 
18. Using the HUD image below, which direction is the aircraft turning?  
 
 
a. Left 
b. Right 
 
19. Using the HUD image below, is the aircraft gaining, losing or maintaining altitude in the turn?  
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a. Gaining 
b. Losing 
c. Maintaining 
 
20. Using the HUD image below, which flight parameter violates the following flight instructions: Using a 
bank angle of 60°, turn left to a heading of 75° and climb to 17,500ft.  
  
a. Altitude too high 
b. Airspeed too low 
c. Bank angle too high 
d. Heading too high 
 
 
21. Using the HUD image below, which flight parameter violates the following flight instructions: Using a 
bank angle of 60°, turn left to a heading of 75° and climb to 17,500 ft.  
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a. Altitude too high 
b. Airspeed too high  
c. Heading too low 
d. Bank angle too high 
 
 
22. Using the HUD image below, which flight parameter violates the following flight instructions: 
Using a bank angle of 60°, turn left to a heading of 75° and climb to 17,500 ft.  
 
 
a. Altitude too high 
b. Airspeed too high  
c. Bank angle too high 
d. Heading too low 
 
23. Using the HUD image below, which flight parameter violates the following flight instructions: 
Using a bank angle of 60°, turn left to a heading of 75° and climb to 17,500 ft.  
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a. Altitude too high 
b. Airspeed too low 
c. Bank angle too high 
d. Heading too low 
 
24. Using the HUD image below, which flight parameter violates the following flight instructions: 
Using a bank angle of 60°, turn left to a heading of 75° and climb to 17,500 ft.  
 
 
a. Bank angle too high 
b. Airspeed too high 
c. Heading too low 
d. Altitude too high 
25. Using the HUD image below, should altitude increase or decrease to reach the mission goal? 
Using a bank angle of 60°, turn left to a heading of 75° and climb to 17,500 ft.  
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a. Increase 
b. Decrease 
26. Using the HUD image below, should heading increase or decrease to reach the following goal: 
Using a bank angle of 60°, turn left to a heading of 75° and climb to 17,500 ft.  
 
 
a. Increase 
b. Decrease 
 
 
27. Using the HUD image below, should altitude increase or decrease to reach the following goal: 
Using a bank angle of 30°, turn left to a heading of 45° and descend to 13,000 ft.  
 
 
a. Increase 
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b. Decrease 
 
 
28. Using the HUD image below, should heading increase or decrease to reach the following goal: 
Using a bank angle of 50°, turn left to a heading of 85° and climb to 15,000 ft.  
 
 
a. Increase 
b. Decrease 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
67 
Distribution A: Approved for public release, distribution is unlimited. 88ABW-2016-4744 September 27, 2016 
 
 
Appendix D – Performance Descriptive Statistics 
 
Table 11. Descriptive statistics for Top Gun Scores from Benchmark 1 to Benchmark 2. 
Condition Benchmark 1 
 
Benchmark 2 
 
 
M SD N M SD N 
D 65.41 11.04 29 75.71 9.71 29 
I 67.44 9.62 27 78.60 9.36 27 
A 64.72 10.43 26 75.40 10.97 26 
S 67.06 10.05 30 76.45 10.05 30 
C 63.37 10.83 28 74.46 11.29 28 
Total 65.62 10.59 140 76.12 10.24 140 
 
Table 12. Descriptive statistics for X axis performance from Benchmark 1 to Benchmark 
2. 
Condition Benchmark 1 
 
Benchmark 2 
 
 
M SD N M SD N 
D 0.26 0.08 29 0.20 0.07 29 
I 0.23 0.09 27 0.18 0.07 27 
A 0.25 0.10 26 0.19 0.08 26 
S 0.25 0.09 30 0.20 0.08 30 
C 0.28 0.10 28 0.21 0.09 28 
Total 0.26 0.09 140 0.20 0.08 140 
 
Table 13. Descriptive statistics for Y axis performance from Benchmark 1 to Benchmark 
2. 
Condition Benchmark 1 
 
Benchmark 2 
 
 
M SD N M SD N 
D 0.37 0.05 29 0.38 0.04 29 
I 0.38 0.05 27 0.38 0.04 27 
A 0.38 0.04 26 0.38 0.05 26 
S 0.37 0.04 30 0.38 0.04 30 
C 0.39 0.05 28 0.39 0.05 28 
Total 0.38 0.04 140 0.38 0.05 140 
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Table 14. Descriptive statistics for throttle performance from Benchmark 1 to Benchmark 
2. 
Condition Benchmark 1 
 
Benchmark 2 
 
 
M SD N M SD N 
D 0.69 0.13 29 0.57 0.16 29 
I 0.63 0.09 27 0.53 0.07 27 
A 0.68 0.12 26 0.60 0.11 26 
S 0.64 0.13 30 0.57 0.10 30 
C 0.65 0.12 28 0.58 0.09 28 
Total 0.66 0.12 140 0.57 0.11 140 
 
Table 15. Descriptive statistics for time to complete from Benchmark 1 to Benchmark 2. 
Condition Benchmark 1 
 
Benchmark 2 
 
 
M SD N M SD N 
D 0.57 0.29 29 0.35 0.27 29 
I 0.54 0.29 27 0.24 0.27 27 
A 0.58 0.27 26 0.30 0.31 26 
S 0.53 0.31 30 0.29 0.29 30 
C 0.64 0.30 28 0.36 0.29 28 
Total 0.57 0.29 140 0.31 0.29 140 
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Appendix E – Training Performance Post Hoc Results 
 
Table 16. Top Gun Score Post Hoc. 
 
Mean SD N D I A S 
Training 1        
D 81.66 8.45 29   
   
I 75.22 8.35 27 0.00*   
  
A 82.33 5.41 26 0.77 0.00*   
 
S 83.74 7.55 29 0.35 0.00* 0.53   
C 70.22 10.84 28 0.00* 0.03* 0.00* 0.00* 
Training 2        
D 84.89 8.25 29      
I 85.77 4.86 27 0.67     
A 83.92 7.70 26 0.65 0.39    
S 87.01 5.29 29 0.30 0.55 0.15   
C 71.84 11.17 28 0.00* 0.00* 0.00* 0.00* 
Training 3        
D 75.54 9.76 29      
I 86.12 6.60 27 0.00*     
A 83.67 8.74 26 0.00* 0.30    
S 86.46 6.62 29 0.00* 0.88 0.23   
C 74.83 10.53 28 0.76 0.00* 0.00* 0.00* 
Note. * p < .05. 
 
Table 17. Average Stick X Performance training post-hoc. 
 
Mean SD N D I A S 
Training 1        
D 0.16 0.07 29     
I 0.20 0.07 27 0.03*    
A 0.16 0.05 26 0.90 0.05   
S 0.15 0.08 29 0.70 0.01* 0.62  
C 0.24 0.11 28 0.00* 0.09 0.00* 0.00* 
Training 2        
D 0.14 0.07 29     
I 0.14 0.05 27 0.73    
A 0.15 0.06 26 0.51 0.75   
S 0.13 0.07 29 0.63 0.41 0.26  
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C 0.23 0.10 28 0.00* 0.00* 0.00* 0.00* 
Training 3        
D 0.20 0.06 29     
I 0.13 0.05 27 0.00*    
A 0.15 0.05 26 0.00* 0.32   
S 0.13 0.07 29 0.00* 0.96 0.29  
C 0.20 0.09 28 0.98 0.00* 0.00* 0.00* 
Note. * p < .05. 
 
Table 18. Average Stick Y training post-hoc. 
 
Mean SD N D I A S 
Training 1        
D 0.23 0.10 29     
I 0.37 0.04 27 0.00*    
A 0.25 0.06 26 0.21 0.00*   
S 0.21 0.08 29 0.46 0.00* 0.05*  
C 0.38 0.05 28 0.00* 0.68 0.00* 0.00* 
Training 2        
D 0.21 0.08 29     
I 0.21 0.07 27 0.85    
A 0.24 0.07 26 0.06 0.09   
S 0.18 0.07 29 0.20 0.15 0.00*  
C 0.38 0.04 28 0.00* 0.00* 0.00* 0.00* 
Training 3        
D 0.36 0.06 29     
I 0.21 0.09 27 0.00*    
A 0.26 0.08 26 0.00* 0.01   
S 0.20 0.08 29 0.00* 0.66 0.00*  
C 0.38 0.06 28 0.34 0.00* 0.00* 0.00* 
Note. * p < .05. 
 
Table 19. Average Throttle training post-hoc. 
 
Mean SD N D I A S 
Training 1        
D 0.47 0.13 29     
I 0.48 0.08 27 0.73    
A 0.50 0.11 26 0.31 0.50   
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S 0.47 0.12 29 0.99 0.72 0.30  
C 0.59 0.09 28 0.00* 0.00* 0.01* 0.00* 
Training 2        
D 0.46 0.16 29     
I 0.45 0.06 27 0.72    
A 0.49 0.12 26 0.41 0.25   
S 0.42 0.10 29 0.18 0.33 0.03  
C 0.61 0.09 28 0.00* 0.00* 0.00* 0.00* 
Training 3        
D 0.50 0.15 29     
I 0.42 0.05 27 0.00*    
A 0.47 0.12 26 0.34 0.06   
S 0.42 0.10 29 0.01* 0.92 0.07  
C 0.58 0.09 28 0.00* 0.00* 0.00* 0.00* 
Note. * p < .05. 
 
Table 20. Time to complete training post-hoc. 
 
Mean SD N D I A S 
Training 1        
D 0.23 0.26 29     
I 0.39 0.34 27 0.04*    
A 0.17 0.19 26 0.40 0.01*   
S 0.17 0.18 29 0.37 0.00* 0.97  
C 0.47 0.36 28 0.00* 0.27 0.00* 0.00* 
Training 2        
D 0.15 0.23 29     
I 0.10 0.14 27 0.46    
A 0.14 0.22 26 0.88 0.57   
S 0.08 0.12 29 0.28 0.74 0.36  
C 0.40 0.33 28 0.00* 0.00* 0.00* 0.00* 
Training 3        
D 0.39 0.34 29     
I 0.14 0.19 27 0.00*    
A 0.20 0.23 26 0.01* 0.37   
S 0.11 0.17 29 0.00* 0.75 0.22  
C 0.33 0.26 28 0.41 0.00* 0.04* 0.00* 
Note. * p < .05. 
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Appendix F – Descriptive Workload Statistics (Benchmark 1 to Benchmark 2) 
 
Table 21. Descriptive Statistics for NASA-TLX from Benchmark 1 to Benchmark 2. 
                            Benchmark 1 Benchmark 2  
M SD N M SD N 
D 56.23 18.87 26 54.05 19.05 26 
I 56.38 18.24 28 46.56 18.63 28 
A 55.42 19.47 29 50.53 13.20 29 
S 56.69 17.45 27 53.54 15.53 27 
C 62.80 19.79 30 55.57 17.63 30 
Total 57.52 18.68 140 52.15 17.03 140 
 
Table 22. Descriptive Statistics for MRQ from Benchmark 1 to Benchmark 2. 
                              Benchmark 1 Benchmark 2  
M SD N M SD N 
D 55.93 17.45 29 56.04 21.47 29 
I 54.58 19.06 27 54.27 23.30 27 
A 58.38 17.65 26 57.52 19.98 26 
S 53.34 19.31 30 56.22 20.74 30 
C 57.58 17.47 28 59.61 19.69 28 
Total 55.90 18.05 140 56.72 20.84 140 
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Appendix G – Workload Post Hoc Statistics (Training Blocks) 
 
Table 23. Training Overall NASA-TLX Post Hoc. 
  Mean SD n D I A S 
Training 1         
 D 47.93 19.78 29     
 I 56.25 17.10 27 .09    
 A 51.58 17.38 26 .46 .36   
 S 45.94 18.50 30 .68 .04* .25  
 C 60.62 18.77 28 .01* .38 .07 .00* 
Training 2         
 D 48.60 17.53 29     
 I 45.75 16.49 27 .55    
 A 51.07 16.60 26 .61 .28   
 S 44.94 18.26 30 .43 .86 .20  
 C 58.68 19.83 28 .04* .01* .12 .00* 
Training 3         
 D 56.70 17.68 29     
 I 47.99 16.64 27 .07    
 A 48.43 15.47 26 .08 .93   
 S 45.94 17.96 30 .02* .66 .60  
 C 56.58 19.35 28 .98 .07 .09 .02* 
Note. * p < .05. 
 
Table 24. Self-reported Mental Demand during Training block 1 Post-Hoc. 
 Condition Mean SD n D I A S 
Training 1 D 61.76 30.71 29   
   
 I 70.00 28.66 27 0.24   
  
 A 73.88 23.43 26 0.09* 0.59   
 
 S 60.37 26.56 30 0.84 0.16 0.05*   
 C 78.32 18.43 28 0.02* 0.24 0.53 0.01* 
Note. * p < .05. 
 
Table 25. Self-reported Performance means during training Post-Hoc. 
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 Condition Mean SD n D I A S 
Training 1       
   
 D 64.45 28.68 29     
 I 51.63 22.28 27 0.06   
  
 A 65.69 23.47 26 0.86 0.05*   
 
 S 70.27 23.00 30 0.39 0.01* 0.51   
 C 46.00 29.89 28 0.01* 0.42 0.01* 0.00* 
Training 2         
 D 71.52 23.88 29   
   
 I 74.81 17.30 27 0.60   
  
 A 67.42 23.54 26 0.52 0.25   
 
 S 76.87 20.51 30 0.38 0.74 0.13   
 C 52.29 29.48 28 0.00* 0.00* 0.02* 0.00* 
Training 3         
 D 59.00 29.70 29   
   
 I 73.59 16.47 27 0.03*   
  
 A 72.85 20.94 26 0.04* 0.91   
 
 S 74.07 25.14 30 0.02* 0.94 0.86   
 C 59.57 29.33 28 0.93 0.04* 0.05* 0.03* 
Note. * p < .05. 
 
Table 26. Self-reported Frustration means during training Post-Hoc. 
 Condition Mean SD n D I A S 
Training 1       
   
 D 37.21 34.92 29     
 I 49.04 31.04 27 0.17   
  
 A 37.42 32.45 26 0.98 0.19   
 
 S 32.63 27.39 30 0.58 0.05* 0.57   
 C 56.57 32.72 28 0.02* 0.38 0.03* 0.01* 
Training 2         
 D 35.83 32.11 29   
   
 I 28.19 26.36 27 0.34   
  
 A 33.27 28.59 26 0.75 0.53   
 
 S 30.00 28.13 30 0.45 0.82 0.68   
 C 52.82 31.80 28 0.03* 0.00* 0.02* 0.00* 
Training 3         
 D 42.00 34.79 29   
   
 I 33.70 26.92 27 0.29   
  
 A 28.62 22.98 26 0.09* 0.53   
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 S 28.07 28.82 30 0.07* 0.47 0.95   
 C 51.61 31.50 28 0.22 0.03* 0.01* 0.00 
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Appendix H – Gaze heat maps by condition 
 
Figure 18. Control Condition aggregate heat maps for Benchmark 1 and Benchmark 2. 
 
Figure 19. Adaptive Condition aggregate heat maps for Benchmark 1 and Benchmark 2. 
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Figure 20. Static Condition aggregate heat maps for Benchmark 1 and Benchmark 2. 
 
Figure 21. Decreasing Condition aggregate heat maps for Benchmark 1 and Benchmark 
2. 
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Figure 22.  Increasing Condition aggregate heat maps for Benchmark 1 and Benchmark 
2. 
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Appendix I -  Gaze duration per area by condition 
 
Table 27. Eye tracking gaze means from Benchmark 1 to Benchmark 2. 
Condition Benchmark 1 Benchmark 2 
Instructions Mean SD n Mean SD n 
D 6.68 5.01 25 6.81 5.51 24 
I 4.52 3.52 23 5.65 5.89 20 
A 6.27 4.20 19 5.92 5.76 19 
S 7.10 3.92 24 5.20 4.29 23 
C 5.36 3.35 20 8.70 9.39 19 
Total 6.01 4.11 111 6.42 6.28 105 
Air Speed 
     
D 2.90 2.69 25 6.24 7.52 24 
I 4.44 4.12 23 5.32 5.19 20 
A 2.71 2.06 19 5.48 6.27 19 
S 3.32 3.40 24 4.88 4.39 23 
C 4.89 4.25 20 4.82 4.75 19 
Total 3.64 3.45 111 5.37 5.70 105 
Altitude 
      
D 16.04 8.11 25 18.21 7.95 24 
I 14.31 5.44 23 14.80 7.07 20 
A 16.10 9.12 19 16.68 9.39 19 
S 14.93 6.82 24 18.06 9.07 23 
C 16.65 9.21 20 12.39 9.24 19 
Total 15.56 7.68 111 16.20 8.68 105 
Attitude 
      
D 13.03 8.69 25 15.22 13.36 24 
I 15.15 7.77 23 15.82 9.32 20 
A 15.08 8.31 19 15.57 7.07 19 
S 14.22 7.17 24 14.42 10.86 23 
C 14.83 9.43 20 9.27 7.34 19 
Total 14.40 8.17 111 14.14 10.19 105 
Heading 
      
D 22.19 12.97 25 21.47 11.75 24 
I 21.94 9.93 23 18.54 12.80 20 
A 21.92 12.84 19 24.85 12.81 19 
S 21.49 11.85 24 21.68 12.54 23 
C 22.47 12.43 20 21.04 16.00 19 
Total 21.99 11.81 111 21.49 13.05 105 
Roll 
      
D 19.38 10.12 25 12.76 6.39 24 
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I 24.68 10.93 23 17.63 11.64 20 
A 22.24 11.05 19 13.26 7.36 19 
S 18.25 8.81 24 11.43 9.72 23 
C 16.06 5.27 20 17.03 11.87 19 
Total 20.12 9.81 111 14.26 9.67 105 
81 
Distribution A: Approved for public release, distribution is unlimited. 88ABW-2016-4744 September 27, 2016 
 
 
Appendix J – SME Gaze data and Condition Comparison 
 
 
 
Figure 23. GAZE time SME comparison to Benchmark 2 by condition. 
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Figure 24. SME aggregate heat maps for all missions. 
